The ABC superfamily of genes is one of the largest in the genomes of both bacteria and eukaryotes. The proteins encoded by these genes all carry a characteristic 200-to 250-amino-acid ATP-binding cassette that gives them their family name. In bacteria they are mostly involved in nutrient import, while in eukaryotes many are involved in export. Seven different families have been defined in eukaryotes based on sequence homology, domain topology, and function. While only 6 ABC genes in Dictyostelium discoideum have been studied in detail previously, sequences from the well-advanced Dictyostelium genome project have allowed us to recognize 68 members of this superfamily. They have been classified and compared to animal, plant, and fungal orthologs in order to gain some insight into the evolution of this superfamily. It appears that many of the genes inferred to have been present in the ancestor of the crown organisms duplicated extensively in some but not all phyla, while others were lost in one lineage or the other.
The common progenitor of plants, animals, fungi, and Dictyostelium discoideum appears to have inherited a large number of genes for transmembrane transporters with related ATPbinding domains from the bacterial ancestor. While bacteria use ABC (ATP-binding cassette) transporters for both import and export, eukaryotes are thought to use them only for export (30) . Some of the inherited genes were retained and expanded in one phylum or another, while others were lost. ABC transporters are composed of two copies of the ABC domain with the conserved sequence LSGG recognizable between the Walker A and B motifs of the ATP-binding site (38) and two copies of a transmembrane (TM) domain, usually consisting of six TM helixes (18) . These four domains may be present in a single polypeptide or may come from different proteins which associate to form a functional transporter. Many types of molecules, including small ions, lipids, and polypeptides, are transported by ABC transporters (20, 41) . Eukaryotic ABCs were initially identified as the agents giving rise to multiple drug resistance of neoplastic cells, where they rapidly export compounds used in chemotherapy (14) . Since these drugs are unlikely to be encountered naturally, the physiologically relevant functions of ABC transporters are mostly unknown. The ABC family also includes a few genes that carry the ABC domain but have lost the TM portion; their products no longer function as transporters but are likely to carry out other conserved functions.
Eukaryotic ABC genes have been classified in seven families, from ABCA to ABCG, based on gene organization and primary sequence homology (20) . This classification was established to simplify the naming and identification of the ABC genes, since some had more than one name or had confusing names. At least 68 members of the ABC family can be recognized in the genomic sequences of Dictyostelium discoideum. The predicted products of these genes share a conserved ABC domain of about 200 amino acid residues, which includes an ATP-binding site. Most of these proteins also carry one or more TM domains either N-terminal or C-terminal to the ABC domain, and this topology has been used in their classification. We have adopted the recently revised nomenclature for human ABC families to facilitate comparisons. We have clustered these genes on the basis of their ABC domains as well as their full sequences, and we find that they form a robust tree. Detailed sequence comparisons have allowed additional grouping within each family and given some insight on the evolutionary history of these genes.
MATERIALS AND METHODS
Database searches and sequence analysis. Although the complete sequences of the six Dictyostelium chromosomes have not yet been assembled, ongoing efforts by the Dictyostelium genome sequencing consortium have generated more than eightfold coverage of protein coding regions, and more than 30,000 cDNA reads have been generated by the Japanese project. The raw sequences are accessible through the links on a website containing supplementary materials related to this report (http://www.biology.ucsd.edu/labs/loomis/ABCwebsite /abcfamily.html). With this level of coverage, a given gene has more than a 95% chance of being represented. To identify sequences encoding one or more ABC domains, we performed a series of TBlastN searches of the Dictyostelium database using ABC proteins representative of each eukaryotic family. Besides the raw shotgun sequences, the database includes all Dictyostelium sequences deposited in GenBank, cDNAs from the Japanese EST project, and preliminary contigs generated by the Sanger Centre and the German Sequencing Group at Jena. Initially, 55 contigs were found to contain genes with ABC domains. Contigs were extended whenever possible from individual reads. A second series of Blast searches was performed using the consensus ABC sequence from pfam005 (see the website) using a cutoff of 10. In this way we were able to assemble a total of 68 genes and 2 pseudogenes (Table 1) .
Some of the gene sequences are incomplete, and in the case of ABCD.3, part of the ABC domain is missing. ABCA.10 and ABCA.11 may be two portions of the same gene, but the intervening sequence was not found. Each encodes a single ABC domain and a TM domain with sequences most closely related to those in the A family. However, at present they are considered separately (see below). The ABCA.12 partial sequence was too short to be used for proper analysis.
Comparisons of the ABC genes to homologs present in completed genomes of other eukaryotes were made by using BlastP on the National Center for Biotechnology Information (NCBI) website (with the filter option "Mask for lookup table only" to mask repetitive amino acid sequences) for seed recognition, followed by alignment of unmasked sequences.
Building trees. Homologs of the Dictyostelium ABC proteins were identified in GenBank by multiple Blast searches. The closest homologs of the Dictyostelium members of each family from various species were aligned by using ClustalW as part of the MacVector program. Alignments were inspected for obvious errors, which were corrected manually. Trees were initially built by using the MacVector program for neighbor joining to obtain the best tree (28) . The robustness of the trees was determined by bootstrap analysis with 1,000 replications (13) . Bootstrap trees are presented with midpoint rooting.
RESULTS AND DISCUSSION
Classification of Dictyostelium ABC proteins. The 68 putative ABC proteins were compared both with each other and with sequences from other organisms. A simple Blast score obtained by comparison with protein sequences in GenBank was sufficient to sort the majority of the protein sequences into the seven major eukaryotic families, while a few sequences appeared more related to bacterial proteins. The positions of ABC and TM domains were identified in each coding sequence, allowing us to assign the genes to specific family groups (Fig. 1) . Dictyostelium ABC genes follow the expected organization for each family, even though some additional subtypes were found. Those in which the TM domain is predicted to be N-terminal to the ABC domain fall into families A to D, while those in which the ABC domain precedes the TM domain are members of the ABCG family (Fig. 1) . The ABC genes which do not encode a TM domain belong to the E, H, and F families. The H family includes members which do not fit into the seven standard families found in eukaryotes. While The ABC domains were compared with each other in order to further refine the families. ABC domains were delineated by using the ABC sequence of pfam005 as a guide (see the website). Many proteins contain two ABC domains, numbered 1 and 2, resulting in a total of 103 complete ABC domains. Some proteins appear to contain a third, degenerate ABC domain of unknown function, which was not included in these analyses.
With a single exception, the individual ABC domains sorted out according to the known families (Fig. 2 ). It appears that the sequence of the ABC domain alone is sufficient to identify the family of a given eukaryotic ABC. Within families A, C, F, and G, the first and second ABC domains cluster together within their family but separately from each other. Very similar trees were obtained by using the ABC domain sequences from human and Drosophila ABCs, with the same subdivision between first and second ABC domains (11) . If these genes arose by duplication and fusion of a region encoding a progenitor ABC domain and a TM domain, this must have happened long ago in the common progenitor of the crown organisms, since genes encoding two distinct ABC domains are found in all the eukaryotes. The ABCA and ABCG family proteins include proteins with a single ABC domain (half-transporters) as well as those with two ABC domains (full transporters). In both cases, the ABC domains from half-transporters cluster together, indicating that they share some common features that distinguish them from the ABC domains found in full transporters.
The only exception was the ABC domain of ABCG.20, which sorted with the ABC domains of the A family. Nevertheless, ABCG.20 has the typical organization of the G family, with the ABC domain preceding the TM domain, and thus belongs to this family (see below).
The most divergent ABC domain is found in ArsA. Its product is related to that of a Saccharomyces cerevisiae gene involved in arsenic resistance and shares more than 55% identity with human, Arabidopsis thaliana, and Schizosaccharomyces pombe ArsA proteins. It encodes a single ABC domain lacking the conserved LSGG motif between the Walker A and B motif, as do all its orthologs. Thus, it is not surprising that the ABC One putative ABC gene, ABCH.3, was not included in this analysis because a 300-amino-acid insert between the Walker A and B motifs precluded its alignment with other ABC domains.
The 68 ABCs clustered into the same families when their complete sequences were used, indicating that each family has conserved amino acid sequences in addition to the ABC domain. These whole-sequence trees are further analyzed in the sections focused on the separate families. Supplementary materials including the trees and links to the sequences are available at http://www.biology.ucsd.edu/labs/loomis/ABCwebsite/ abcfamily.html.
The ABCA family of Dictyostelium. A few years ago it was suggested that the ABCA family first arose in animals, since members of this family were found in the human, Drosophila, and Caenorhabditis elegans genomes but not in those of yeast or fungi (20) . However, clear members of the ABCA family were recently found in the genome sequences of Arabidopsis, indicating that this is an ancient family that was present in the common ancestor of animals and plants (29) . It appears that it was subsequently lost from some lineages. Dictyostelium has 11 or 12 members of the A family, depending on whether one counts ABCA.10 and ABCA.11 as separate genes or two halves of the same gene ( Table 1) . One of the defining characteristics of the A family is the presence of a regulatory domain with multiple sites for phosphorylation by various protein kinases in the region after the first ABC domain. This region is present in all of the members of the ABCA family, including those in Dictyostelium. It is not found in other ABC genes.
Searches of GenBank uncovered ABCA genes in other protists, including trypanosomes and entamoebae. In addition to full transporters, half-transporters (TM-ABC) were identified in Dictyostelium, Arabidopsis, and Entamoeba histolytica. Halftransporters of the ABCA family are absent in animals. Clustering of the ABCA proteins from Dictyostelium, humans, Arabidopsis, and the protists showed that they fall into three distinct groups (Fig. 3 A) . Genes in the first group encode full transporters with two ABC domains and two TM domains. The first five genes appear to have expanded from a single precursor gene, since they cluster together, separately from the human, plant, and protist homologs. The Arabidopsis ortholog is the only full transporter of the ABCA family in this plant (29) .
There are multiple half-transporters of the A family in the Arabidopsis genome (29) . They cluster into two groups that also contain the group 2 and group 3 genes of Dictyostelium, respectively, suggesting that both organisms inherited two genes encoding half-transporters. The lack of ABCA half-transporters in animals and the complete lack of the family in fungi can be explained by two events in which genes were lost during the descent from a common ancestor which carried two genes encoding half-transporters and a single gene for a full transporter (Fig. 3B) . All of these genes were retained and expanded in Dictyostelium and Arabidopsis, but the genes for the two half-transporters were lost in the progenitor of animals and fungi, leaving only the gene encoding a full transporter of the ABCA family. After animals and fungi diverged, the fungal ancestor lost the gene for the full transporter, although it was retained and duplicated in the animal lineage to form a large family. The alternate hypothesis of independent evolution of ABCA genes in plants, animals, protists, and Dictyostelium seems highly unlikely.
The ABCB family of Dictyostelium. The B family includes three main subtypes: full transporters involved in multiple drug resistance (MDR), half-transporters targeted to mitochondria, and half-transporters involved in peptide transport (9, 17, 33) . Dictyostelium ABCB.2 and ABCB.3 are full transporters homologous to human MDR1A (ABCB.1) protein. They cluster with similar full transporters from other organisms (see the ABCB tree on the website). Three other Dictyostelium genes of this family are most similar to mitochondrial half-transporters. Dictyostelium ABCB.1 clusters with human ABCB.10, and Dictyostelium ABCB.4 clusters with human ABCB.8. These two human proteins have been shown to be localized in the mitochondria, where they appear to form a heterodimeric full transporter (17) . It is likely that the same situation occurs in Dictyostelium.
Dictyostelium ABCB.5 shares more than 50% amino acid sequence identity with human ABCB.7 and yeast ATM1, which have been shown to mediate transport of the Fe/S binding protein into mitochondria (21) . Moreover, the Dictyostelium protein has a well-defined signal sequence targeting it to mitochondria. Since there is only one gene encoding such a protein in the yeast, human, Arabidopsis, and Dictyostelium genomes, there is little question that these genes are orthologous.
Four members of the ABCB family, TagA, -B, -C, and -D, are unusual in that they each have a serine protease domain N-terminal to the half-transporter (32; A. Kuspa, personal communication). Such fusion products have not been encountered in other organisms. The genes encoding TagB, -C, and -D are located next to each other on chromosome 4 and appear to have arisen by tandem duplications. They encode proteins that are more than 65% identical, with the differences located mostly in the terminal regions. In the central region, their nucleotide sequences are more than 95% identical, so that even synonymous mutations are rare. It is likely that they have recently undergone rectification. Mutations in either tagB or tagC block postaggregation morphogenesis (32) and affect the release of signaling peptides regulating terminal differentiation (2) .
Although TagA carries both a half-transporter and a protease domain, it does not cluster closely with the other Tag proteins. TagA may have arisen from an independent fusion of a serine protease gene with a half-transporter gene. TagA has been implicated in the regulation of cell type proportioning in Dictyostelium (A. Kuspa, personal communication).
The ABCC family of Dictyostelium. Transporters of the C family have been shown to transport glutathione conjugants as well as to export cadmium ions. They are always found as full transporters with two copies of the TM-ABC unit. Many of the genes of this family in humans and other animals have an additional TM domain at the N terminus (34) . The Dictyostelium C family is composed of 14 members, only 1 of which, ABCC.8, has the extra TM domain. The closest homolog of ABCC.8 in humans is ABCC.2. Mutations in ABCC.2 result in the Dubin-Johnson syndrome (37) . ABCC.8 is also the closest Dictyostelium homolog to the human protein CFTR. This protein has been extensively studied, since mutations in CFTR result in cystic fibrosis, one of the most common genetic diseases (10, 12, 40) . CFTR acts not only as a transporter but also as a chloride channel (1). The closest homolog in yeast, Ycf1p, has been shown to be involved in cadmium resistance but is also able to transport glutathione-conjugated organic anions into vacuoles (39) .
The remainder of the ABCC genes of Dictyostelium form two separate clusters, one related to the Arabidopsis gene MRP4 but to no genes found in animals or fungi and one related to Arabidopsis genes MRP.1 and MRP.2 as well as human ABCC.5 (see the ABCC tree on the website). Two of the group 1 genes, ABCC.9 and ABCC.11, encode proteins that are 92% identical to each other, suggesting that they arose from a recent duplication. It appears likely that the progenitor of the crown organisms carried two genes of the ABCC family that both expanded considerably in Dictyostelium and Arabidopsis. One of these genes, the group 1 homolog, appears to have been lost in both animals and fungi.
The ABCD family of Dictyostelium. The ABCD family contains only half-transporters. Those that have been studied are all targeted to the peroxisome, where they regulate the transport of long-chain fatty acids (15) . There are only two such proteins in yeast, three in Dictyostelium, and four in humans. Mutations in either of the yeast genes result in cells that are unable to grow on oleic acid, suggesting that they act as a heterodimer (31) .
Dictyostelium ABCD.1 and ABCD.3 sequences are incomplete, but they are located near each other in the genome and may have arisen by duplication. However, they cluster separately. ABCD.1 clusters with a yeast ABCD gene, PXA2, while ABCD.3 is closer to human ABCD.4 (see the ABCD tree on the website). Dictyostelium ABCD.2 protein clusters with the human ABCD.3 protein and contains the motif for peroxisome localization. Thus, ABCD.2 may form a heterodimer with either ABCD.1 or ABCD.3 to transport fatty acids. ABCD.2 is the ortholog of human ABCD.3, which has been found to be mutated in Zellweger syndrome 2 (24) .
The ABCE gene of Dictyostelium. Sequenced eukaryotic genomes contain only one or at most two genes of the ABCE family. Only one has been recognized in Dictyostelium. They all have a conserved ferredoxin motif (pfam00037) at the N terminus, a motif found in nucleic acid binding proteins. They contain two ABC domains but no TM domains and so are unlikely to act as transporters. In animals, ABCE protein has been shown to inhibit RNase L, the double-stranded RNA nuclease, and is referred to as RLi (6) . The Dictyostelium VOL. 1, 2002 THE ABCs OF DICTYOSTELIUM 647 ABCE gene is more closely related to animal and plant homologs than to yeast genes (see the ABCE tree on the website). Less closely related homologs are also found in archaebacteria. It is unlikely that they act as RNase L inhibitors, since these bacteria do not have RNase L homologs. These genes may have retained an earlier function that has been either modified or supplanted in eukaryotes. The ABCF family of Dictyostelium. Like the ABCE family, the ABCF family is characterized by two ABC domains and no TM domains. One member of this family, GCN20 of yeast, has been shown to be involved in regulation of translation in amino acid-starved cells by interaction with eukaryotic initiation factor 2 (eIF2) and ribosomes (23, 36) . The four Dictyostelium ABCF proteins sort into three separate clusters (see the ABCF tree on the website). ABCF.1 and ABCF.4 are the most closely related to GCN20 and so are candidates for translational regulators. ABCF.2 clusters with a yeast gene of unknown function as well as human ABCF.2. The closest homologs of ABCF.3 are found in bacterial genomes. Among eukaryotic genes it clusters with human ABCF.1, which has been shown to interact with eIF2 and ribosomes (35) .
The ABCG family of Dictyostelium. The ABCG family is characterized by the ABC domain preceding the TM domain (Fig. 1) . All of the members of this family in animals are half-transporters, while all of the fungal members are full transporters with two ABC-TM units. No members of this family are found in bacteria. Dictyostelium and Arabidopsis have members of both types. Robust trees could be constructed only when half and full transporters were separately clustered.
Dictyostelium full transporters separate into two major groups (see the ABCG tree on the website). The first clusters with sequences from plants, while the second clusters with fungal sequences. Fungal ABCG proteins present an unusual variation in the Walker A consensus motif of the first (Nterminal) ABC domain (3). The highly conserved lysine in the sequence GXXXXGK(S/T) is replaced by a cysteine in the fungal ABCG protein. The Dictyostelium ABCG genes which cluster with fungal homologs also have replaced this lysine with a cysteine, suggesting that this mutation occurred in the common ancestor.
It seems likely that the ancestor of the crown organisms carried two closely related ABCG genes for full transporters, both of which were retained and amplified in Dictyostelium but only one of which was kept in plants while a different one was retained in fungi. Neither of the genes encoding full transporters were retained in the animal lineage.
Most of the ABCG half-transporters of Dictyostelium clustered together with each other, but ABCG.1 and ABCG.20 clustered with Drosophila, Arabidopsis, and human homologs (see the ABCG tree on the website). The closest homolog of ABCG.20 is the Drosophila protein CG9990, which, like the Dictyostelium protein, has the topology of the G family but clusters with the A family when the ABC superfamily is analyzed (11) . It has been suggested that CG9990 and two related sequences in Drosophila should be considered a new family, since no related genes have been found in other organisms. However, since a gene with these properties is present in Dictyostelium, it does not seem sensible to make a new family.
It has been assumed that the ABCG family arose from the fusion of independent ABC and TM domains, since it is the only ABC family in which the ABC domain precedes the TM domain. Alternatively, it may have arisen from the central portion of a member of the A, B, or C family that included only the first ABC domain and the second TM domain (Fig. 4) . In the case of ABCG.20, CG9990, and related sequences, the Tandem duplication and fusion of this gene could then have generated the full transporters of the ABCG family. The ABC domains of the G family cluster together on the branch that also carries the ABC domains of the A family (Fig. 2) , making an ABCA gene the most likely source of the original ABCG gene. The ABC domains from ABCG proteins of Drosophila and humans also cluster on the same branch with the ABC domains of the A family (11) . Among the full-transporters of the ABCG family, group 2 genes are surprisingly similar. Many appear to have arisen from recent duplications or replacements from other members of the family. For instance, there are 70 differences in the first 700 bases of the ABCG.19 and ABCG.13 genes. Furthermore, ABCG.19 has an additional intron in this area. However, for the next 3 kb, only 3 nucleotides differ between the nucleotide sequences of ABCG.19 and ABCG.13. At the 3Ј ends of the genes, the sequences are more divergent and ABCG.19 has two introns not present in ABCG. 13 . It appears that a cDNA was generated from an ABCG.13 mRNA before it was processed and that this cDNA replaced the central region of ABCG.19 fairly recently. The complete ABCG.21 coding sequence is 97% identical with that of ABCG.13. One hundred forty-four of the 146 differences occur in the first 2.7 kb, while only two base pair differences can be found in the last 2 kb. The first two introns of ABCG.13 and ABCG.21 are similar but not identical, and ABCG.21 lacks the third intron present in ABCG.13 and ABCG.19. A cDNA generated from an ABCG.13 mRNA may have recently rectified the 3Ј end of ABCG.21. Other members of this group seem to have been rectified in a similar manner.
Recently, a mutation affecting both ABCG.2 and ABCG.18 has been shown to impair endocytosis and affect endosomal pH (7) . These genes are adjacent on a contig and were both disrupted by insertion mutagenesis. While ABCG.2 and ABCG.18 are more similar to each other than to any other ABCG (see the ABCG tree on the website), they show only 50% identity and so are unlikely to have arisen from a recent duplication. It is not yet clear whether only one of these two genes or both are required for regulation of endocytosis and endosomal pH.
Other Dictyostelium ABCs. An ABC domain is found in the ArsA family of bacterial genes that are involved in the transport of arsenate, selenate, and other anionic compounds (9) . Members of this family do not have TM domains but associate with another protein, ArsB, that has two potential TM domains. There are homologs of ArsA in plants, animals ,and fungi, although they show only about 30% identity to the bacterial gene products (4, 5, 19) . Dictyostelium has a single ArsA gene with more than 55% identity with its eukaryotic counterparts. It clusters with the plant and animal homologs more closely than do the yeast homologs (see the ABCH tree on the website).
The Dictyostelium ABCH.1 and ABCH.2 genes have a single ABC domain and no TM domain. They are 45% identical to each other and share more than 40% identity with Escherichia coli ybbA, Methanococcus jannaschii glnQ, and Bacillus subtillis yvrO (see the ABCH tree on the website). All the identified ABC proteins related to ABCH.1 and ABCH.2 are importers rather than exporters (30) . They cluster with ABC transporters involved in the uptake of polar amino acids. These proteins also lack TM domains and depend on a substrate binding protein as well as on a TM anchoring protein to carry out their function. There are no significant homologs to ABCH.1 and ABCH.2 in any eukaryotic genome. However, these genes do not appear to have arisen by a recent lateral transfer from a bacterium, since the Dictyostelium genes have the high A/T content typical of their genome and contain introns. It appears likely that the common eukaryotic ancestor carried either one or two of these ABC genes, but they were lost in most descendants.
Dictyostelium has another gene encoding an unusual ABC protein in which there is a 200-amino-acid insertion between the Walker A motif and the conserved LSGG sequence. The closest homolog of this gene, ABCH.3, is from the plague bacterium (Yersinia pestis) plasmid pMT1. We were unable to generate significant clusters with this gene.
Several Dictyostelium genes encode products related to the SMC family of proteins, which is involved in chromosomal maintenance and homologous recombination (16) . Sequence analyses of the ATP-binding domains of the members of this family suggest that they are derived from the ABC family, but almost all have lost the ABC signature motif LSGG between the Walker A and B motifs and have acquired a conserved insert of about 800 amino acids. However, an Arabidopsis SMC family member has retained the LSGG motif (29) . There are three SMC genes in the Dictyostelium genome, and like their Arabidopsis counterparts, all have retained the LSGG motif. However, the SMC family has diverged so much from the ABC family that these genes are not included in the ABC family trees or counted in the list of ABCs.
Conclusions. Multigene families are subject to random birth-and-death processes, resulting in considerable variation in the number of genes (22, 25, 26) . Duplications result in growth of the family, while deletions reduce, and can eliminate, the family. Members of multigene families gradually diverge by accumulation of point mutations and may eventually acquire different functions; alternatively, one of the copies may become a nonfunctional pseudogene and ultimately diverge so much that it cannot be recognized as belonging to the family. Members of the ABC superfamily appear to have been subject to all these forces.
Based on the number of clusters that we see for the Dictyostelium ABC genes (Table 1) , the common progenitor of Dictyostelium, yeast, plants, and animals most likely had at least 25 genes encoding ABC proteins. Some encoded half-transporters, while others encoded full transporters. A few may have consisted only of the ABC domain. These founder genes gave rise to other ABC genes by duplication until the superfamily grew to have 68 members in D. discoideum. This is more than are present in either the yeast or the human genome but only half as many as are found in the plant A. thaliana.
Considering the number of related genes in the ABC superfamily, it is somewhat surprising that we were able to recognize only two pseudogenes. Regions adjacent to functional ABC genes were carefully scrutinized, but only ABCG.9 and ABCF.4 were found to have a linked pseudogene. In the ABCG.9 pseudogene, a large deletion removed the beginning of the gene and the end was found to be inverted. The nucle- a Highly conserved amino-acids are boldfaced. The unusual cysteine in ABCG-1 is underlined. b Sequences can be used with "the search for short nearly exact matches" from NCBI, and the result was checked for preferentially sorting the specified ABC domain and given a rating from ϩ to ϩϩϩ.
c Effectiveness in identifying the family for a known ABC domain; rated from ϩ to ϩϩϩ.
650 ANJARD ET AL. EUKARYOT. CELL that nucleotides at synonymous codon positions as well as the sequences of introns are conserved over long stretches of the genes and yet the nucleotide sequences flanking these regions show divergence levels indicating a far more ancient birth of the genes. Rectification among members of a gene family increases the degree of similarity and can lead to underestimation of the divergence time if these genes are used as a molecular clock. Recent structural studies have indicated that active transport by ABC transporters requires that substrates enter a chamber formed by the paired TM domains in the membrane and partition into the aqueous environment following conformational changes of the transporter (8, 27 ). The energy of ATP binding to the ABC domains appears to provide the initial energy for translocation of the substrate across membranes. Subsequent hydrolysis of ATP and release of ADP and P i allow the transporter to return to its original conformation by repacking the ␣-helices within the plane of the membrane using a combination of rotation and tilting. Although all ABC transporters are evolutionarily related, the details of their transport mechanisms may vary between members of different families.
Alignment of the proteins belonging to each of the ABC families allowed us to recognize identifier motifs that distinguish members of one family from members of all other ABC families (Table 2 ) (see also Fig. 8 in the supplementary figures on the website). Likewise, unique identifiers can distinguish among the different groups within a family. These short sequences are often sufficient to enable recognition of members of the family in other organisms when GenBank is queried.
Dictyostelium carries genes encoding members of every ABC family that has been recognized so far. Many are closely related to transporters that can confer drug resistance. Dictyostelium appears to be equipped to rapidly export a wide variety of compounds. There may have been a strong selective advantage in the ability of the amoebae to protect themselves from toxic compounds they might have encountered in their soil habitat by pumping them out as soon as they entered. Other members of the superfamily may serve specialized developmental roles by releasing intercellular signals at appropriate stages of development.
